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NOMENCLATURE

A I/FR

AR Area ratio

b Width of free shear layer

CIC2, C3  Turbulence constants

Cp Pressure coefficient

D Diameter downstream of an axisymmetric annular step

Dm  Digital mantissa

D Diameter upstream of an axisymmetric annular step

ei,,e2 Unit vectors along incident intersecting beams

en Unit vector normal to bisector and in the plane of
incident intersecting beams

et Unit vector tangent to bisector and in the plane of
incident intersecting beams

A A

e'ey e Unit vectors in the x, y, and z directions

E Constant in the log-law, = 9.0 for smooth walls

f T + f', measured Doppler frequency

FR Fringe spacing

fs Frequency shift

Gk See Table 11

h Step height

k (u'T + v'2 ), turbulent kinetic energy (two-dimensional)

L Length in streamwise direction

Mass flow rate

-xi -



M Mach number

n Refractive index of medium

n Exponent on TSI processor

N Number of cycles/burst on TSI processor

p Pressure

P Static pressure

P0  Upstream (reference) static pressure

r Cylindrical coordinate

Reb Reynolds number based on b

Re6. Reynolds number based on S"

Re6. Reynolds number based on 6s
: s

ReDo Reynolds number based on D~0

Reh Reynolds number based on h

S0 Source term for variable 0

u u + u', instantaneous streamwise velocity

uTv '  Reynolds stress

Um Mean inlet velocity

Umax Maximum u in inlet profile

Uo 0Upstream (reference) mean streamwise velocity

v v + v', instantaneous transverse velocity

V V + V', instantaneous velocity

V ue + ye + we ,total instantaneous velocity vectorVux +Vy Wz,

w w + w', instantaneous cross-stream velocity

W Uncertainty

Wo 0Channel width or duct height upstream of step

W] Channel width or duct height downstream of step
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x Streamwise coordinate direction

x r Reattachment length

Xr Shorter reattachment length in plane asymmetric flows

X r2  Longer reattachment length in plane asymmetric flows

y Tranverse coordinate

Yl Vertical distance from wall

z Cross-stream coirdinate

Greek Symbols

r Exchange coefficient

S Boundary layer thickness

Boundary layer thickness at point of separations
$ 6 Joundary layer displacement thickness

6* Boundary layer displacement thickness at point of separation
5

LP P - P
0

E Rate of dissipation of turbulent kinetic energy (k)

C Angle between incident intersecting beams

KConstant in the log-law, = 0.4

XWavelength of laser light

Ilam Lahinar viscosity

Pt  Turbulent viscosity

1eff ulam + u't effective viscosity

p Fluid density

a Standard deviation

a Turbulent Prandtl number for E

6 k  Turbulent Prandtl number for k
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T Wall shear stress

* Angle of rotation of the optical system about its axis

A general variab]L

Stream function

'TOP Stream function at top wall of grid line

P4/TOP' non-dimensionalized stream function

Math Symbols

Summation

ax' ar Space derivatives" : ax' Dr

Time derivative

J ,Integral

, Time average and its fluctuation quantity

Subscripts

[ ]Quantity evaluated at rotation angle 0
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SECTION I

INTRODUCTION

The primary objective of this research program is to investigate

the application of laser Doppler velocimetry to turbulent and mixing

flows. Of particular interest is the mapping of the flow field in a

* .cold flow model of a dump combustor (sudden expansion). The flow

field characteristics of a dump combustor in the present study are

modeled by a two-dimensional single duct step.

The subject of this report is the flow field characteristics of

a two-dimensional single duct step measured with a laser-Doppler

velocimeter and predicted by a numerical model. The general flow

characteristics of sudden expansions are reviewed in Section II.

Sections III, IV, and V describe the apparatus, techniques and results

of the experimental measurements. Presentation of the numerical model

as well as a discussion of experimental and analytical results is

given in Section VI. Final conclusions and recommendations are given

in Section VII.



SECTION II

FLOW CHARACTERISTICS OF SUDDEN EXPANSIONS

Separated flow is a very common type of flow found in everyday

engineering practice. It occurs on aerofoils with large angles of

attack, in wide-angle diffusers, over cylinders and bluff bodies, and

in sudden expansions. A sudden expansion is typical of piping systems

where flow separation can not be avoided and is a nuisance as it causes

increased pressure loss. A dump combustor on the other hand, uses a

sudden expansion to create a recirculation zone which is used as a

flameholder and is critical to the overall combustion process.

Certainly the general flow characteristics of sudden expansions are of

engineering interest and have been the center of many recent experi-

mental and analytical investigations.

The investigations reported in the literature have found that both

geometrical parameters and inlet flow conditions have a significant

effect on the flow field of sudden expansions. The purpose of this

section is to describe how these variables influence the flow field of

sudden expansions. It is also within the scope of this section to

identify some of the relevant mechanisms responsible for the character

of the flow field.

1. Range of Past Experiments

A wide range of instruments have been used by. investigators to

obtain qualitative as well as quantitative information about sudden

-2-



expansions. Pitot tubes, pressure taps, hot wires, and laser Doppler

velocimeters have been the major quantitative instruments used. Various

flow visualization techniques including smoke and dye studies have been

used. Numerical solutions of the governing equations have provided

qualitative, and in some instances quantitative information. Air and

water have been the basic fluids used, with some work done with com-

bustion gases. Reynolds numbers typically studied range from 10 to

107 based on average inlet velocity and inlet diameter. The boundary

layer at the point of separation has been either laminar or

turbulent. Supersonic sudden expansion flows have been examined

[1,2,3] but will not be included in the discussions of this chapter.

Various models have been used to simulate sudden expansions. The

four basic types are: (1) axisymmetric annular step, (2) two-

dimensional duct step, (3) two-dimensional open channel step, and

(4) two-dimensional surface step. Both (2) and (3) can be either of

the single or double step type as shown in Figure 1. Two-dimensional

surface steps are typically found in wind tunnel studies as a 5tepped

flat plate where the wall opposite the step is a significant distance

away. Other bluff body models as well as combustion models have been

used but will not be included in this discussion.

[I] Bowyer Jr., J.M., and Carter, W.V., "Separated Flow Behind a
Rearward-Facing Step with and without Combustion," AIAA Journal,
Vol. 3, No. 1, pp. 181-183, January, 1965.

[2] Burggraf, O.R., "Computational Study of Supersonic Flow over
Backward-Facing Steps at High Reynolds Number, ARL-70-0257,
Aerospace Research Laboratories, Wright-Patterson Air Force Base,
Ohio, November, 1970.

(3] Sfeir, A., "Supersonic Flow Separation on a Backward Facing Step,"
University of California, Berkeley, Report No. AS-66-18, December,
1966.
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(1) Axisymetric Annular Step

(2) Two-Dimensional Duct Step

(3) Two-Dimensional Open Channel Step

(4) Two-Dimensional Surface Step

Figure 1. Sudden expansion models.
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Tables 1 through 6 are a compilation of recent investigations on

the various sudden expansion models. These are certainly not complete

lists but include those studies pertinent to this discussion. Included

in Tables 1 through 6 are the technique(s), fluid(s), and velocity

characteristic of that particular experiment. As will be discussed

later in this section, the step height h, or the corresponding area

ratio AR, is an important parameter affecting the flow field and is

also included in Tables 1 through 6.

2. Types of Separated Flow

Chapman, Kuehn, and Larson [4] emphasized that three types of

separated flows can occur: laminar, transitional, and turbulent.

Laminar separated flow occurs when a laminary boundary layer separates

and reattaches as a laminar boundary layer. Transitional separated

flow finds transition to turbulence occurring after separation but

before reattachment. Hence a turbulent boundary layer grows immediately

after reattachment. Turbulent separated flow occurs when a turbulent

boundary layer separates and reattaches as a turbulent boundary layer.

Owen and Klanfer [5] proposed a simple criterion for determining

whether a laminar boundary layer will reattach as a laminar boundary

layer or will undergo transition and reattach as a turbulent boundary

layer. Their criterion states that if Re6* (Reynolds number based on
s

[4) Chapman, D.R., Kuehn, D.M., and Larson, H.K., "Investigation of
Separated Flows in Supersonic and Subsonic Streams with Emphasis
on the Effect of Transition," NACA TN-3869, 1957.

[5) Owen, P.R., and Klanfer, L., "On the Laminar Boundary Layer
Separation From the Leading Edge of a Thin Aerofoil," Royal
Aircraft Establishment Report No. Aero. 2508, October, 1953.

-5-



vi

09 2~

00 In~9 \Jn~
0 C) %J v CDI C)J - L

o x. Q. )

& 1 0 0l In . ~ C)

vC v( 0 . 0
06 k0 0 )

A- 4 39 3C IIV

CC 4J I

(A m 0 3:
4- I +j +j 0 1

c4S-4'

ILI
EU A4

-. - %0 rfl UI

U0 rn,~U U

4A 0 In 0 U S- LC-

.C 43 u3 () 43 (U,.
4-~~t UU 23 fi-~ 4Efl
o~~c 0-- X:> ~ L U-

0. ~ ~ ~ ~ O I- CO C7% C Of> .-



v LO

E <,

.4:

v c5

0ILn LA Ln

0

CL LA

> x
C~

06) U"0(
4) CL0 0.

4-) r= 0 I 0 E
En U (C en

UU

1n 1 S. I 1

E (

4) 0)

> C jS 3 -
4) 0 1 0 1
C5 4.) 043 =

to c0L- L 4.) c.

41 4-) 43t
En~_ - 04. m~--

4- u L0n 4-0 m .

C~~ 3r- 4. *L 3

0. W 3 04= *- 0 =r-"
a- (1) 0.4- 4 C or-

.C lo 0 0 c
41 (A to (Aa > 4)t

EU 4 CL. L.J c%. C a o

43 ON at4. 0% al 0% 4

0 .~L C 7-



vi

C"; m

o 0% 0 ~ V

0 ce0 -.

43A

4-) 4m. 0 UL

CLC
.v v v.

43 v

M r_ +)

'- U - 3 c 3

0 EUJ

U) 00 4)3

CA 44'm EU) 4

> 2LoL 4)U oz) w * w - -

W .4 0 w -(43 C

0) C. O ) .. iS. ~ - .
4. mU)

4- rKm CD 0 I I

"a. '.w 4) CI - --

to -8-



vi

U)C

4.) 11 11.

4.)

C 0

41 C;

4J0 6

C 0(A I

C a-

mU 41

0.

r_ aa14

EU U;

4J4

V)
CL4.

41 C,

0 1-

an 4A- m Ln C

0 0. o 4.)1~. 4 1 0 40 1

oo C

I- .C

'a-9U



- E
UC) t CC) E 2
C C 0.- u. CD 'D

00 00 C) ) k C r

CC

CD4-4-)C

>. C)E(

4.. 4 A - -
4J (D0.cl CD c cu

CV) 0 4- \J

u ~0E'

a uL.L. (o mi r 3 m (

(- a-(V (
(U .-IAI

Cvi t to 0.- to MU

> 7u ,S (A S.4. Iw ,

E0. Ea 4- 0 I.. -3 a
to afl- 0o E n E: nE(

u L. c 4 ( + C V 4-)W
4J4J 0.M-~ CL U) z> CL C aC

o4-di-S. 1. d

4Jald mo -- 0

(A~ U)a, ~tw a3 * - r_ -t
4- ( VdJO 4-'4 co .4- di 1 >.

*1~~ - toO. +>E O
cm 4 .) .0 > E .

0. z ( C todi- o , 0u 0 uS-.f
U .. G +OJ- V)0 U 4.) IOi

toL)tot -

0 a) a i -



6*, the boundary layer displacement thickness at the point of separation)
S

is greater than 400-500, the flow is transitional. For a flat plate in

parallel flow at zero incidence, Re6*,crit (Reynolds number, based on

5*, at which a laminar boundary begins transition to a turbulent

boundary layer) is approximately 950. Crabtree [6] gave a physical

explanation for this type of separated flow on the basis of Schubauer

and Klebanoff's [7] condition for the growth of turbulent spots in a

boundary layer. He proposed that Owen and Klanfer's critical value

determined whether turbulent spots would grow in the shear layer thus

provoking transition to turbulence, or that their failure to grow would

allow laminar reattachment. This argument can not be substantiated as

turbulent spots have yet to be identified as a mechanism in free shear

layers. Vortex shedding and interaction appear to be the prime mechan-

isms that occur in free shear layers. Moore's [8] experimental results

supported Crabtree's interpretation of Owen and Klanfer's critical

value. Moore, using a Pitot-static tube for traversing the boundary

layer, found that laminar boundary layer growth downstream of a two-

dimensional surface step occurred for values of Re,* less than 500.
s

Turbulent boundary layer growth occurred for Re,* greater than 500.
s

[6) Crabtree, L.F., "Effects on Leading-Edge Separation on Thin Wings
in Two-Dimensional Incompressible Flow," Journal of the
Aeronautical Sciences, Vol. 24, No. 8, pp. 597-604, August, 1957.

[7] Schubauer, G.B., and Klenbanoff, P.S., "Contributions to the
Mechanics of Boundary Layer Transition," NACA TN-3489, 1955.

[8] Moore, T.W.F., "Some Experiments on the Reattachment of a Laminar
Boundary Layer Separating From a Rearward Facing Step on a Flat
Plate Aerofoil," Journal of the Royal Aeronautical Society,
Vol. 64, pp. 668-672, November, 1960.
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Moore's results, however, were based solely upon the shape of the mean

velocity profile.

Roshko and Lau [91 used a surface Pitot tube and hot wire in their

investigation of the shear layer following a two-dimensional surface

step. Transition to turbulence occurred before reattachment in all

cases. However, they predicted on the basis of their data and analysis

that the criterion for laminar reattachment is 6 /h > 1, where 6s is

the boundary layer thickness at the point of separation. For a Blasius

profile at the step, this requirement can be written as S*/h > 0.34.

From this requirement it can be seen that it is impossible to have

4laminar separated flow when the shear layer thickness is small compared

to the step height. Goldstein, Erickson, Olson, and Eckert [10] felt

that this criterion agreed closely with their data but was not suffi-

cient. Their hot wire results showed that the criterion for laminar

reattachment included not only 6*/h > 0.4 but also that Reh (Reynolds

number based on step height h) must be less than 520 with the stipula-

tion that both conditions be me. simultaneously.

The criterion of Goldstein et al. [10] appears to be 'he most

accurate of those mentioned for determining whether reattachment iz

laminar or transitional. The applicability of their criterion would

include both two-dimensional single duct step models and two-dimensional

[9] Roshko, A., and Lau, J.C., "Some Observations on Transition and
Reattachment of a Free Shear Layer in Incompressible Flow,"
Proceedings of the 1965 Heat Transfer and Fluid Mechanics
Institute, edited by A.F. Charwat, Stanford University Press,
Stanford, pp. 157-167.

[10] Goldstein, R.J., Erickson, V.L., Olson, R.M., and Eckert, E.R.G.,
"Laminar Separation, Reattachment, and Transition of the Flow
Over a Downstream-Facing Step," Journal of Basic Engineering,
Vol. 92, pp. 732-741, December, 1970.
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surface step models. Applying this criterion to other models would be

speculative as investigative results remain incomplete. Moore [8]

stated that one of his runs "displays profiles which are more con-

sistent with the notion that the boundary layer has reattached while

still in the laminar state." Goldstein et al. pointed out that if the

boundary layer in Moore's test grew as though it were on a flat plate,

the values of Reh and 6*/h would be 800 and 0.425, respectively. These

values fall outside their range of laminar regime and indicate that

Moore's run probably does not represent steady, laminar separated flow,

but rather is transitional. Laminar flow reattaching as turbulent flow

is not usually discernible just from mean velocity profiles; both

visual observations and turbulent intensity measurements give a more

complete picture. Since Moore only made mean velocity measurements

with a Pitot-static tube, it is probable that the observations of

Goldstein et al. are valid.

3. Separated Flow Regions

Abbott and Kline's [11] dye studies showed that the recirculation

zone found in sudden expansions was not "dead" as described by Moore

[8) but was complex in nature and could be characterized by three

distinct regions as shown in Figure 2. The three regions are:

£11] Abbott, D.E., and Kline, S.J., "Experimental Investigation of
Subsonic Flow Over Single and Double Backward Facing Steps,"
Journal of Basic Engineering, Vol. 84, pp. 317-325, September,
1962.
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(I) A three-dimensional region of separation characterized by

one or more vortices rotating about an axis parallel to the y-axis.

Although three-dimensional in spacn, these vortices can change size

with respect to time. Vortices adjacent to one another can be of

different size and are counter-rotating. The number of vortices varies,

depending on the step geometry.

(II) A two-dimensional region containing the classic pattern of

separation; trapped eddies with axes parallel to the z-axis. Maximum

velocities in this region are approximately one-fifth the freestream

velocity upstream of the step.

(III) The reattachment region where bifurcation of the shear

*layer occurs and part of the flow is deflected upstream into region

(II) to supply entrainment. Basically, the part of the shear layer

that does not have enough momentum to overcome the pressure rise

associated with reattachment is turned upstream to form the recircula-

tion region. Downstream of the reattachment point a new boundary layer

begins, whether it be laminar or turbulent.

When the separated flow is of the transitional or turbulent type,

regions (I), (II), and (III) are maintained in equilibrium such that

the pressures exerted by the solid surfaces are balanced by the tur-

bulent shear stress which is set up in the mixing region.

Although these regions were identified by Abbott and Kline [11]

for turbulent flow in a two-dimensional open channel, other investiga-

tors have either specifically identified these regions or noted their

-15-



effects for laminar flow in sudden expansions. Durst, Melling, and

Whitelaw [12] related their observed three-dimensional streamlines

within the separation region for laminar flow to the presence of corner

vortices similar to those described by Abbott and Kline. They utilized

smoke injectiorn for a two-dimensional single duct step. Goldstein et

al. [10] observed that for the laminar case, smoke injected through

the side wall of the test section just upstream of a two-dimensional

single duct step entered the separation region and recirculated in a

spiral like fashion. It then left the separated zone in the plane of

the centerline as shown in Figure 3. However, smcke introduced in

the plane of the centerline remained in that plane. If that pattern

also applied to the turbulent separated flow case it could account for

Abbott and Kline's characterization of region II as two-dimensional.

Axisymmetric annular step investigations have shown the occurrence

of regions II and III. Region I, however, has yet to be identified.

This is probably due to the self-correcting geometry of the axisym-

metric annular step. In a laminar flow study, Macagno and Hung [13]

showed that symmetric flow patterns are maintained over a range of

Reynolds number for axisymmetric annular steps. Future discussion

will show that synmnetric flow patterns (equal reattachment lengths)

are not always prevalent for plane flows. In the axisymmetric case

[12] Durst, F., Melling, A., and Whitelaw, J.D., "Low Reynolds Number
Flow Over a Plane Symmetric Sudden Expansion," Journal of Fluid
Mechanics, Vol. 64, pt. 1, pp. 111-128, 3 June, 1974.

[13] Macagno, E.D., and Hung, T.K., "Computational and Experimental
Study of a Captive Annular Eddy," Journal of Fluid Mechanics,
Vol. 28, pt. 1, pp. 43-64, 12 April, 1967.
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there is only a single, annular separation region. Asymmetric flow

would cause a local change in pressure distribution in the separation

region. This would be offset by a redistribution of pressure within

the separation region, hence a symmetric flow field. Nevertheless,

asymmetric flow patterns were reported by Zemanick and Dougall [14]

for turbulent flow in an axisymmetric annular expansion. However, the

extent of asymmetry was small when compared with that in a plane ex-

pansion.

The type of pressure correcting mechanism found in axisymmetric

flows does not exist in plane flows as long as the separation regions

are disconnected. No conclusive evidence has been presented of pres-

sure distribution mechanisms acting through interactinq shear layers.

4. Reattachment Length

The streamwise distance between the point of separation and re-

attachment for flow through sudden expansions has been the subject

of many investigations. Functional relationships between reattachment

length and Reynolds number, area ratio, aspect ratio, and inlet flow

conditions have been postulated and are presented in this section.

[14) Zemanick, P.P., and Dougall, R.S., "Local Heat Transfer
Downstream of an Abrupt Circular Channel Expansion," ASME Journal
of Heat Transfer, Vol. 92, pp. 53-60, February, 1970.
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a. Reynolds Number

Back and Roschke [15] experimentally investigated the reattachment

lengths for water flow through an axisymmetric annular step for a

Reynolds number (ReD ) range of 20 to 4200. Their dye study results,

presented in Figure 4, show that laminar, transitional, and turbulent

separated flow occur over this Reynolds number range with the reattach-

ment length varying significantly. The laminar separated flow

reattachment point incrdases in length with increasing Reynolds number

until the transitional separated flow effects become influential. In

turbulent separated flow the reattactiment length is fairly constant.

The transitional flow simply acts as an interface between the other two

I types of flow.

The laminar separated flow reattachment point moved downstream

with increasing Reynolds number as would be expected if the free shear

layer spread by diffusion. According to Back and Roschke's [15] data,

the maximum reattachment point occurred approximately 25 step heights

downstream. Cramer [16), in an attempt to obtain a theoretical basis

for this phenomenon, assumed the flow downstream of a stepped flat

plate grew toward the wall like a spreading laminar jet. He further

assumed that the flow was incompressible, the step height was small,

[15) Back, L.H., and Roschke, E.J., "Shear-Layer Flow Regimes and
Wave Instabilities and Reattachment Lengths Downstream of an
Abrupt Circular Channel Expansion," ASME Journal of Applied
Mechanics, Vol. 94E, pp. 677-681, September, 1972.

[16) Cramer, K.R., "On Laminar Separation Bubbles," Journal of the
Aeronautical Sciences, Vol. 25, No. 2, pp. 143-144, February,
1958.
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the air in the recirculation region was stagnant, and that "the usual

boundary-layer assumptions are valid."

With this analytical model, Cramer [16] predicted the increase in

the laminar reattachment length x r to be

Xr Re l* + l 2

Using the criterion set forth by Goldstein et al. [10] for laminar

reattachment, Equation (1) yields a maximum reattachment length of over

300 step heights, which is over 10 times larger than the maximum

*observed by Back and Roschke [15].

Goldstein et al. [10], using a least squares fit to their data,

found

x
r = 2.13 + 0.021 Reh (2)

to be the relationship describing laminar reattachment. This yields a

maximum reattachment length of 13 step heights, which is closer to

experimental values but significantly less than the maximum of 25 found

by Back and Roschke [15].

Using a Blasius profile at the step allows Equation (2) to be

compared with Equation (1), hence

r :0.01325 Re j + 1) -1 (3)

6s  s
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The constant in this equation is much less than the 1/3 Cramer used.

This difference is not surprising since visual observations indicate

that the free shear layer is deflected toward the wall considerably.

Cramer's assumption of shear layer growth toward the wall like a

spreading laminar jet predicts reattachment lengths that are longer

than the experimentally observed values.

Back and Roschke's [15] transitional separated flow occurred

as the Reynolds number increased from 250 to 1000, characterized by

flow in which smooth wave motions in the free shear layer were replaced

by more random fluctuating behavior. They observed small shear layer

waves at ReD z 200 moving downstream with the flow and growing in

amplitude as the inertial forces increased relative to the viscous

forces, i.e., as the Reynolds number increased. This is the type of

free shear layer mechanisms that Crabtree [6] incorrectly explained.

At ReD = 290 the lateral extent of the shear layer wave resembled a
0

vortex sheet and the reattachment point moved upstream as the vortex

sheet rapidly thickened with increasing Reynolds number. Eaton,

Johnston, and Jeans [17] found the existence of a spanwise vortex

structure in the free shear layer based upon their hot wire results.

Their velocity histograms near the upper edge of the shear layer showed

a structure similar to that described by Back and Roschke.

[17] Eaton, J.D., Johnston, J.P., and Jeans, A.H., "Measurements in a
Reattaching Turbulent Shear Layer," 2n Symposium on Turbulent
Shear Flows, Imperial College, London, 2-4 July, 1979.
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At Reynolds numbers greater than 1000, the reattachment length of

Back and Roschke's [15] data appeared fairly constant (6-8 step heights)

and the fluid appeared to have a random eddying motion. The shear layer

spreads rapidly in this case because of enhanced lateral transport by

more random, and relatively more pronounced, fluctuations in the flow.

Seban, Emergy, and Levy [18] using impact and static tubes found the

reattachment point for turbulent separated flow to occur at six step

heights. Tani, luchi, and Komoda [19] located the reattachment point

for turbulent separated flow at seven step heights using iot wire re-

sults and flow visualization. Moon and Rudinger [20], in a turbulent

axisymmetric annular step experiment, found the reattachment point to

occur at 8-9 step heights by interpreting mean velocity profiles

obtained with a laser Doppler velocimeter. Eaton, Johnston, and Jeans

[17] commented on this discrepancy of reattachment length, or rather,

the unsteadiness of the reattachment point by suggesting that the

recirculation region is slowly growing and shrinking. The entrainment

rate balances the backflow rate but only in the mean, not instanta-

neously. For example, the occurrence ofa very large entrainment rate

[18] Seban, R.A., Emery, A., and Levy, A., "Heat Transfer to Separated
and Reattached Subsonic Turbulent Flows Obtained Downstream of a
Surface Step," Journal of the Aero/Space Sciences, Vol. 26, No.
12, pp. 809-814, December, 1959.

[19] Tani, I., Iuchi, M., and Komoda, H., "Experimental Investigation
of Flow Separation Associated with a Step or Groove,"
Aeronautical Research Institute, University of Tokyo, Report No.
364, pp. 119-137, April, 1961.

[20) Moon, L.F., and Rudinger, G., "Velocity Distribution in an
Abruptly Expanding Circular Duct," ASME Journal of Fluids
Engineering, Vol. 99, pp. 226-230, March, 1977.
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would shorten the whole region. The free shear layer would then be too

short to entrain all of the backflcw, implying that the whole region

would grow. This phenomenon of unsteady reattachment location was

observed to be of a relatively long time scale.

Theoretical prediction of turbulent reattachment is a very diffi-

cult task and generally requires a numerical solution of the time-

averaged Navier-Stokes equations. This solution in terms of mean

streamwise velocity profiles is then used to determine the reattachment

point. Further discussion of this topic can be found in Section 11-8.

b. Area Ratio

The area ratio (AR) of a sudden expansion is defined as the ratio

of the area downstream of the step to the area upstream of the step.

The area ratio is important when correlations between single-step and

double-step models are attempted as the reattachment length is not

necessarily the same in both cases.

Abbott and Kline [11], in an open channel study of turbulent

separated flow found the reattachment length to be markedly dependent

on the area ratio for both single and double-steps. The reattachment

length increased with an increase in area ratio; however, for area

ratios greater than 1.5 the lengths of the recirculation regions were

different for the two sides of the double-step. Figure 5 shows that

the reattachment length can be up to four times larger for one side of

the double-step than the other. For area ratios less than 1.5 the

reattachment lengths on each side of the double step are equal and

match the lengths for a single-step of the same area ratio.

-24-



6.0-
5-.0- r/Wo5.0- .i 0rTl
4.0

3.0- Xr/N

1.8 /4

1.2
I I I I I I

1"10 4-8 12 16 2024 28 32 36 40 44

Figure 5. Area ratio vs. reattachment lenqth
(from Abbott and Kline [I1]).

-25-



Durst, Melling, and Whitelaw [12] in an investigtion of laminar

two-dimensional double duct step flow with a 3:1 area ratio found un-

equal reattachment lengths at a Reynolds number of 114 (based on step

height h). However, in an earlier investigation by the same authors

in which a 2:1 area ratio was used [21], equal reattachment lengths

were observed at a Reynolds number of 114. Thus, laminar separated

flow also exhibits an area ratio dependent, unequal reattachment length

phenomenon.

Cherdron, Durst, and Whitelaw [22] suggested that the origin of

the asymmetry (unequal reattachment lengths) is related to the shear

layers and the coherent flow structures embedded within them. Winant

and Browand [23] showed that such structures do exist in shear layers

and can interact with each other, yielding an asymmetric flow field

phenomena. Apparently, the eddies originate separately in the two

shear layers, but because of the confinement of the model, are very

much interdependent. The influence of these eddies extends from the

shear layer to the duct centerline. If the main flow is dominant

enough to discourage shear layer interaction (high inlet velocity) or

if the geometry of the duct is such that shear layers are far apart

(large inlet area), then symmetric vortex shedding occurs and symmetric

[21] Durst, F., Melling, A., and Whitelaw, J.H., "Optical Anemometer
Measurements in Recirculating Flows and Flames," In: Proceedings
DISA Conference, Vol. 1, paper II, Leicester University Press,
1972.

[22] Cherdron, W., Durst, F., and Whitelaw, J.H., "Asymmetric Flows and
Instabilities in Symmetric Ducts with Sudden Expansions," Journal
of Fluid Mechanics, Vol. 84, pt. 1, pp. 13-31, 16 January, 1978.

[23] Winant, C.D., and Browand, F.K., "Vortex Pairing: The Mechanism of
Turbulent Mixing Layer Growth at a Moderae Reynolds Number,"
Journal of Fluid Mechanics, Vol . 63, pt. 2, n. 217-255, 3 April,1974.
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mean flow patterns will be predominant. If the shear layers interact

a stable flow will exist only if the normal fluctuating velocities are

out of phase with each other. In the case of Durst et al. [12], un-

equal reattachment lengths would be caused by fluctuating velocities

in phase with each other. Abbott and Kline's [11] data (Figure 5) shows

more and more asymmetry as the area ratio is increased. This area

ratio increase was implemented by decreasing the inlet area. This

allowed the shear layers to interact producing asymmetric mean flow

patterns.

Figure 5 shows that a two-dimensional single open channel step

model directly correlates to a double-step model, with respect to re-

attachment length, for turbulent flow if the area ratio is less than

1.5. Similar types of correlations certainly can exist for other types

of models and separated flows. However, Abbott and Kline's work remains

as one of the prime sources for turbulent sudden expansion flows.

Laminar and transitional sudden expansion flows are much less predic-

table.

c. Aspect Ratio

Aspect ratio (A s ) is defined as the ratio of spanwise width to the

inlet height. The general concern about aspect ratio is that it should

be large enough so that wall effects do not dominate the flow field in

a two-dimensional duct or surface step model. This would allow center-

line measurements of a two-dimensional model to be compared with the

flow field data of an axisymmetric annular step providing that the

flow field of the two-dimensional model was symmetric.
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Rothe and Johnston [24] concluded that for turbulent two-dimensional

single duct step flow the aspect ratio had little or no effect upon the

reattachment point. Their hydrogen bubble and dye studies showed re-

attachment occurring at seven step heights over an aspect ratio range

of two to fifteen.

No conclusive evidence is known about aspect ratio effects for

laminar separated flows. Cherdron, Durst, and Whitelaw [22], however,

showed that a decrease in aspect ratio for both a 2:1 and 3:1 area

ratio had a stabilizing effect which extended the range of Reynolds

numbers over which symmetric laminar separated flow could exist. Their

measurements were made in a two-dimensional double duct step using a

one-component laser Doppler velocimeter. Figure 6 which maps the re-

gions of symmetric and asymmetric flow, for example, shows that for an

expansion ratio of 2:1 and an aspect ratio of 4:1, the recirculating

flow regions on the two sides of the duct are identical in size if the

Reynolds number (Reh) is 210 or less. For a Reynolds number of 210,

and an aspect ratio of 8:1, the flow would become asymmetric.

Most investigations involving two-dimensional flow models have only

considered aspect ratio in terms of the physical size of the model and

not as a dimension critical to the character of the flow field. This

may or may not be a correct assumption.

[24] Rothe, P.H., and Johnston, J.P., "Free Shear Li.yer Behavior in
Rotating Systems," ASME Journal of Fluids Engineerinca, Vol. 101,
pp. 117-120, March, 1979.
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d. Inlet Flow Conditions

The popularly held view concerning inlet flow conditions for turbu-

lent flows is that the high degret- of turbulence generated at separation

overwhelms any contribution to the character of the flow field made by

the approaching flow conditions. Thus, reattachment lengths are un-

affected by inlet flow conditions. This includes both the inlet free-

stream (core) and the inlet boundary layer conditions. It is important

to note that laminar or transitional separated flows are dependent on

the inlet boundary layer conditions, particularly 6* (Section 11-2.).
S

Davies and Snell [25] varied the upstream conditions in a two-

dimensional single duct step and found insignificant changes in the

mean velocity distribution. Their hot wire anemometer measurements

were made for inlet conditions including natural boundary layer growth,

boundary layer suppression, and the introduction of upstream shear.

They did find, however, noticeable changes in the distributions of

turbulence intensity and shear stress across the shear layer. Eaton,

Johnston, and Jeans [17] found the mean velocity profiles to be similar

when comparing their results with those of Etheridge and Kemp [26].

Their investigation involved a boundary thickness of 0.2 step heights

while that of Etheridge and Kemp was 2 step heights thick. They also

found that the turbulence profiles were in good agreement. Previous

to these investigations most observers based their conclusions on the

[25] Davies, T.W., and Snell, D.J., "Turbulent Flow Over a Two-
Dimensional Step and Its Dependence Upon Upstream Flow Conditions,"
Turbulent Shear Flows I, Springer-Verlag, New York, pp. 13.29-
13.33, 1977.

[26) Etheridge, D.W., and Kemp, P.H., "Measurements of Turbulent Flow
Downstream of a Rearward-Facing Step," Journal of Fluid Mechanics,
Vol. 86, pt. 3, pp. 546-566, 14 June, 1978.
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very slight changes in mean velocity profiles. Davies and Snell added

that the uncertainties associated with measurement techniques in highly

turbulent flows prevented any definite conclusion about the inlet flow

influence.

Davies and Snell [25], however, felt that the variations in turbu-

* lence intensity and shear stress distribution caused by the approaching

flow conditions were large enough to explain differences between re-

sults on very similar geometrical configurations [11, [19]. Eaton,

Johnston, and Jeans [17] felt that these differences could better be

explained by differences in the streamwise pressure gradient as well

as differences in reattachment length between the models.

5. Typical Flow Field Profiles

a. Mean Velocity Profiles

Figure 7 shows the development of the mean streamwise velocity

profiles obtained by Cherdron, Durst, and Whitelaw [22]. The two

Reynolds numbers presented correspond to the range in which asymmetric

flow patterns exist as shown in Figure 6. The asymmetry described in

previous sections can clearly be seen for the higher Reynolds number.

In this case of laminar separated flow, the maximum recirculation

region velocity is approximately one tenth that of the maximum velocity

(Umax) in the profile. The same general trend occurs for turbulent

separated flow in a double duct step as the profiles of Smyth [27]

[27) Smyth, R., "Turbulent Flow Over a Plane Symmetric Sudden Expan-
sion," ASME Journal of Fluids Engineering, Vol. 101, pp. 348-353,
September, 1979.
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show in Figure 8. In this case the flow was symmetrical and Reh =

3.021 x l04 with Um = 0.67 meters per second. His single component LDV

results show the maximum recirculation velocity was eight percent of

the mean inlet velocity, Um* The flow reattaches at approximately nine

step-heights downstream of the double step.

b. Turbulence Intensity Profiles

Figure 9 shows the streamwise turbulence intensity downstream of a

step from the data of Smyth [27] and corresponds to the profiles pre-

sented in Figure 8. The minimum intensity occurs at the center of the

duct and is approximately 6.5 per cent. The maximum turbulence in-

tensity (non-dimensionalized with Ur) is approximately 19.5 per cent

at x/D = 0.2, and at x/D > 3 the peaks of the maximum turbulence inten-

sity begin to disappear as a new turbulent boundary layer grows.

Further downstream the turbulence intensity appeared similar to that

upstream of the step. It is this type of profile that Davies and Snell

[25) claim is significantly affected by inlet flow conditions. For

the case of asymmetric mean velocity profiles, the streamwise turbulence

intensity profile would also be asymmetric.

Figure 10 shows the turbulent kinetic energy and the Reynolds

stress distributions from the data of Smyth [27]. The minimum turbu-

lent kinetic energy occurs downstream of the step at the center of the

duct while a maximum value of 6.2 per cent occurs near the edge of the

recirculation reqion at x/L = -.8. Downstream of the step there is

negligible Reynolds stress at the center of the duct with a maximum

value of -1.5 per cent occurring near the edge of the recirculation

region at x/L = 0.4. It is these regions of maximum shear stress that,
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along with entrainment mechanisms, maintain the equilibrium of the

separated flow regions.

6. Pressure Distribution

Chapman, Kuehn, and Larson [4], in further defining the three

types of flow, noted that there is an abrupt pressure rise associated

with the transitional regime. They concluded that any change in a

parameter which affects transition (Reynolds number, surface roughness,

turbulence level, etc.) can also change the pressure distribution

directly through the change in the location and magnitude of this steep

pressure rise. They noted, however, that the closer the transitional

point was to reattachment, the greater the pressure rise associated

with transition would become.

Tani, luchi, and Komoda [19] provided pressure coefficient data

for turbulent flow over two-dimensional surface steps as shown in

Figure 11. In this case Cp is equal to the static pressure P minus

the upstream pressure P0 and is non-dimensionalized by the dynamic

pressure 1/2 pU2. The values of x/h lying between -l and 0 correspond
0

to locations on the step face, while the positive values of x/h

correspond to those on the bottom surface downstream of the step.

Figure 11 shows that the pressure distribution is rather insensi-

tive to step height, with a negative pressure coefficient on the step

face. This is followed initially by a slight drop in pressure coeffi-

cient downstream of the step, and then by a rather rapid rise in

pressure indicating the reattachment of the separated flow.

Tani et al. [19] also found that no appreciable change occurred

in the pressure distribution when a triangular fillet was inserted
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behind the step until the fillet height exceeded one half of the step

height. When a fence one half the step height was placed at various

positions on the bottom surface the most appreciable effect occurred

when it was placed two step heights downstream from the step. This

suggests that the interaction between the recirculation region and the

main flow remains unchanged unless the recirculation region is signi-

ficantly altered, such as when the fence was two step heights

downstream.

In comparison to the work of Tani et al. [19], Moss, Baker, and

Bradbury [28] also found a similar pressure distribution as shown in

Figure 12. Their work was also with turbulent flow over a two-

dimensional surface step though the step was larger and the average

inlet velocity was smaller. They also concluded that the upstream

boundary layer thickness effects on the pressure distribution for

turbulent flow were very small.

7. Experimental Technique

Sudden expansions pose three distinct flow field features:

(1) a recirculating flow region (reverse flow) where the mean velocity

is small but the turbulence intensity is high, (2) a strong shear layer

with high turbulence intensity, and (3) three-dimensional flow.

Various instruments and techniques have been used to determine the

nature of sudden expansion flow fields.

[28] Moss, W.D., Baker, S., and Bradbury, L.J.S., "Measurements of
Mean Velocity and Reynolds Stresses in Some Regions of Recir-
culating Flow," Turbulent Shear Flows I, Springer-Verlag,
New York, pp. 13.1-13.7, 1977.
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One of the original and certainly the most common instrument used

is the Pitot tube [8,17,19]. Its application is for mean velocity

measurements with probe alignment as the significant suurce of error.

It does not allow measurements of the mean velocity in the recircula-

tion region due to the high turbulence intensities and the probe align-

ment problems associated with the reverse flow. It has been used,

however, to identify the outside edge of the recirculation region as

well as the boundary layer growth downstream of the reattachment point.

Static pressure taps have been used quite often [8,18,19,28] and

provided wall static pressure measurements. This local static pressure,

in conjunction with the shear stress distribution, is useful in under-

standing the balancing forces of the recirculation region. Measurement

of the static pressures within the recirculation region of a sudden ex-

pansion by using the "static-pressure" holes of a Pitot-static tube is

not recommended as the measurement is significantly affected by the

turbulence velocities. The measured static pressure would be low mainly

because of the lateral turbulence velocities perpendicular to the tube.

One of the most utilized instruments is the hot wire anemometer

[10,11,17,25]. It allows the measurement of mean velocity components

as well as turbulence intensities for the entire sudden expansion flow

field. Its main features are a continuous signal, high sensitivity,

and good reliability. Two and three-dimensional hot wires have been

used allowing the measurement of all the correlations in the Reynolds

stress tensor. A "thermal tuft" hot wire was used by Eaton, Johnston,

and Jeans [17] to determine the mean velocity direction in a thin layer

of fluid near the wall in the recirculation region. In gen-ral, how-

ever, reverse flow is a problem for hot wires with rotation of the
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wire necessary to determine the flow direction. The hot wire has been

used in both cold and hot flow studies with caution having to be taken

in the latter case. The hot wire is not without drawbacks. Calibra-

tion drift, flow obstruction, and breakage are some of the major

concerns.

The latest instrument to be used in sudden expansion flows is the

laser Doppler velocimeter (LDV) [12,20,22,27]. The major features of

an LDV are: (1) non-obstrusive flow measurements, (2) hot or cold

flow applicability, (3) calibration is not required, and (4) the flow

direction (if frequency shifting is employed) is known. The LDV makes

discrete measurements of the velocity of seeded particles in a flow

over a very short time interval (of the order 10 seconds). The

ensemble of these discrete measurements provides mean velocities and

turbulence intensities when appropriate statistical formulas are

employed. To avoid bias errors in highly turbulent flows, extreme

care is required in processing the ensemble of these discrete measure-

ments. LDV systems have been developed to measure two or three mean

velocity components as well as their respective turbulence intensities.

These systems also allow direct measurement of the Reynolds stress.

Since an LDV is a relatively new instrument, its measurements are

still subject to controversy. The most significant argument concerns

bias errors inherent to measurements in turbulent flows. While one

side of the argument deals with the degree of bias error, the other

side discounts the existence of bias errors or at least their signifi-

cance. Another problem in LDV measurements is that to generate a

signal, light must be scattered. This is usually done by fine particles

seeded into the flow. Whether these particles actually follow the flow,
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especially in highly turbulent flows, has been the subject of debate.

In general, the LDV is still receiving a great deal of attention

directed to refining the instrument and identifying its specific bias

errors and their correction.

In any experimental investigation visual observations greatly

enhance the understanding of the flow. Smoke [8,10,12,22] and dye

[11,15] studies as well as aluminum powder [19,26] and oil droplet [22]

techniques have been used to obtain qualitative information for sudden

expansion flow fields. The identification of the reattachment point

and the observation of two- and three-dimensional effects are the

major contributions of this type work.

8. Analytical Models of Sudden Expansions

Sudden expansion flows have received varied analytical treatment

dependent on whether the flow studied was laminar or turbulent.

Macagno and Hung [13] demonstrated the ease of solution for the

laminar flow case by solving the steady Navier-Stokes equations with

the stream function and vorticity as dependent variables and using

standard finite difference techniques. They also solved the unsteady

equations and found these to exhibit computational stability at higher

Reynolds numbers than could be obtained using the steady flow equations.

Good agreement existed between the calculations and experimental

observations.

Teyssandier and Wilson [29] noted that the equations and techni-

ques used to solve the problem of co-flowing jets was applicable to

[29] Teyssandier, R.G., and Wilson, M.P., "An Analysis of Flow Through
Sudden Enlargements in Pipes," Journal of Fluid Mechanics,
Vol. 64, pt. 1, pp. 85-95, 3 June, 1974.
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the sudden enlargement problem. By dividing the flow field into four

axial regions and using empirical relations for the energy transport

and dissipation terms they were able to obtain a closed system of four

nonlinear differential equations. Their main interest was in pressure

results and their method proved fairly accurate, though the modeling

of the turbulence phenomenon was crude.

A more complete model of the turbulent flow problem involves the

two-equation k - e mode developed by Harlow and Nakayama [30] which

also appears in the papers of Launder and Spaldi.ig [31] and Launder

et al. [32]. Both Gosman, Khalil, and Whitelaw [33] and Moon and

Rudinger [20] used this two equation model. The two-dimensional, time-

average, conservation equations in elliptic form were solved using

refined finite difference techniques. The two-equation turbulence

model employed requires "turbulence" coefficients. Usually these

become "universal" based on experimental verification. Moon and

Rudinger demonstrated that these coefficients indeed were not universal,

at least not for recirculating flows. Suitable manipulation had to

[30] Harlow, F.H., and Nakayama, P., "Transport of Turbulence Energy
Decay Rate," Los Alamos Science Laboratory, University of
California Report LA-3854, 1968.

[31] Launder, B.E., and Spalding, D.B., "The Numerical Computation of
Turbulent Flows," Computer Methods in Applied Mechanics and
Engineering," Vol. 3, pp. 269-289, 1974.

[32] Launder, B.E., Morse, A., Rodi, W., and Spalding, D.B., "The
Prediction of Free Shear Flows - A Comparison of the Performance
of Six Turbulence Models," In: Proceedings of NASA Conference
Free Shear Flows, Langley, 1972.

[33] Gosman, A.D., Khalil, E.E., and Whitelaw, J.H., "The Calculation
of Two-Dimensional Turbulent Recirculating Flows," Turbulent
Shear Flows I, Springer-Verlag, New York, pp. 13.35-13.45, 1977.
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be done to allow favorable comparison with their experimental results.

One coefficient required an eleven per cent change for the reattachment

location to agree with their experimental value. Gosman, Khalil, and

Whitelaw found that although the k -E model was adequate for engineering

purposes, it did not yield a precise representation of the flow field.

They felt that the dissipation (e) equation was at least part of the

deficiency of the model. More complex models, however, apparently do

not result in any better representation of the flow field. It should

be remembered that information is lost in time-averaging the Navier-

Stokes equations and the resulting equations are bound to be less than

exact.

As previously mentioned, laminar sudden expansion flows are

relatively easy to solve with the modeler having various techniques at

his disposal. Turbulent solutions, however, begin to involve large

amounts of computer time and storage when the time-averaged Navier-

Stokes equations are solved along with appropriate turbulence models.

Stability of the solution is also a problem with heavy under-relaxation

methods being employed.

It is interesting to note that asymmetric flow patterns in two-

dimensional double duct step flows have not been predicted by numerical

techniques though experimental evidence has shown their existence.

Apparently, the turbulence models in use are unable to describe the

shear layer intereaction that is believed to cause asymmetric vortex

shedding and asymmetric flow patterns.
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SECTION III

EXPERIMENAL APPARATUS

The experimental mapping of the flow field in the two-dimensional

single duct step required various types of instrumentation and

hardware. This sectior describes the overall experimental apparatus

and is divided into three major subsections:

1. The flow system.

2. The laser Doppler velocimeter optical system.

3. The data collection, storage, and processing system.

1. Flow System

The flow system was designed to provide a flexible system allowing

easy optical access in which a variety of flow geometries could be

modeled. The geometry of this study is a two-dimensional single duct

step.

As shown in Figires 13 and 14 the flow system consists of seven

parts:

1. A radial blade blower.

2. A convergent adaptor.

3. A flow conditioning section.

4. A connecting duct.

5. A single duct step test section.

6. A duct extension

7. A particle generator for seeding the flow.
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Each part of the flow system will now be discussed.

A Peerless radial blade blower (Model PWB4GA) with a variable

speed control is mounted to a 1.22 m (4 ft) high stand as shown in

Figure 13. One inch isolators are used to separate the blower from

the stand. The blower can be operated over a range of 0 to 0.50 m3/sec

(1100 CFR) and provides a flow velocity of up to 50.3 m3/sec (1100 CF).

The exit of the blower is 142.9 mm by 177.8 mm (5.625 in. by

7 in.).

The convergent adaptor section is 0.52 m (20.5 in.) long and is

constructed from 1/4 in. Plexiglas. It reduces the exit plane of the

blower to a 101.6 mm (4 in.) square.

The flow conditioning section consists of four 25.4 mm (1 in.)

Plexiglas blocks connected together as shown in Figure 15. A screen

is placed between each block with the entire second block filled with

soda straws which serve as a honeycomb mesh.

The connecting 101.6 mm by 101.6 mm duct is 1.21 m (47.5 in.) long

and is constructed of 1/2 in. clear Plexiglas. It has two Pitot-static

tube mounting holes placed 152.4 mm (6 in.) from the downstream end

with one located on the top wall and the other on the side.

The test section is 0.51 m (20 in.) long and is constructed of

1/2 in. clear Plexiglas. The initial 0.22 m (8.5 in.) of the section

is a 101.6 mm square duct which changes to a 101.6 mm by 203.2 mm

(4 in. by 8 in.) duct over a rearward-facing step (AR = 2, AS = 1).

The test section is lined with static pressure taps as shown in Figure

16. The detail of a static pressure tap is shown in Figure 17. The

test section also has 3 Pitot-static tube mounting holes. The upstrea

holes are located 165.1 mm (6.5 in.) ahead of the step; one on the top
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Figure 15. Flow conditioning section.

Figure 16. Test section.
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and the other on the side. The third hole is loc:ated on the top wall

88.9 mm (3.5 in.) downstream ot the ,tei;.

The 101.6 mm by 203.2 mm s,. x1>:nsicr i , -. ontructed from 1/2 in.

clear Plexiglas and is 1.22 m (48 in.) in length. The initial 0.61 m

(24 in.) of the bottom wall is lined with static pressure taps.

The entire flow system is mounted on two concrete pillars with

height and leveling adjustments.

The seeding system is a commercial system built by Thermal-Systems

Inc. (TSI) and is shown in Figure 13. It consists of an air supply

system (Model 3074), a liquid atomizer (Model 3076), and an

Evaporation-Condensation Monodisperse Aerosol Generator (Model 3072).

Di-octyl Phthalate (DOP) is the fluid used for seeding. The particle

size can be varied from 0.4 wmi to 1.3 ;un.

2. Laser Doppler Velocimeter Optical System

The LDV optical system was designed specifically for studying

various bias errors. Thus it has the capability of changing various

important optical parameters. This is a very desirable feature as it

allows matching of the optical uara! ;iters with thk_ oecific flow

situation. The major LDV optical system features include variable

beam diameter in the probe volume, variable fringe spacing, the

ability to change the angular orientation of the probe volume,

provision for frequency shifting one or hf)ti, input beams, ard the

ability to traverse the probe volum- In thre-dilensional space.

The general layout of the oical system i hown in Figure 19.

A 5 watt argon laser (Coherent Radiati:,n, 4'nd-l 52) nnerating at the

0.5145 ,jm wavelength (green line) su ia' th f cr light. The beam
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exits the laser and enters a polarization rotator (Spectra-Physics,

Model 310-21). The polarization rotator allows rotation of the plane

of polarization to maintain it perpendicular to the plane of the beam

dividing prism. This insures that the beam splitter divides the beam

into two equal intensity beams producing a maximum fringe contrast in

the probe volume. Upon leaving the polarization rotator the beam

passes through a beam expander telescope. The telescope consists of

a 44 mm lens (f1) and a 68 mm lens (f2 ). The f1 lens images the beam

* waist from the inside of the laser cavity to a point between the two

telescope lenses. Then lens f2 and the transmitting lens image this

waist to a location within the test section. By traversing f2 over a

7.5 mm range waist diameters of 60 to 500 pm can be obtained.

From the telescope, two broadband all-dielectric mirrors (Newport

Research Corp.) direct the beam to the beam splitter (TSI, Model #916-1)

on the upper part of the optics package. The beam splitter splits the

entering beam into two parallel equal intensity beams separated by

Vi 50 mm.

Following the beam splitter are two acoustic-optic modulators

(Intra-Action Corporation, Model #ADM-40). The modulators shift the

frequency of the incoming beam either up or down by an amount equal to

the frequency of the driver. Drivers of 30 and either 35 or 40 MHz

are available. Various combinations of frequency shifted beams can

provide net frequency upshifts or downshifts of 5, 10, 30, 35, 40, 70,

or 75 MHz.

After leaving their respective moduldtors the beams are reflected

by adjustable mirrors (Newport Research Corporation, Model #600-2) to

a sliding prism. The prism, which has a reflective coating on two

-5Nw-



faces, directs the beams to a transmitting lens. Various beam separ-

ations can be obtained by translating the prism. The adjustable mirrors

serve two purposes. Adjustment about the horizontal axis insures that

the focused light beams remain in the same plane as the beams prior to

focusing. Adjustment about the vertical axis determines where the

point of intersection (probe volume) occurs along the optical axis.

The reason for having this flexibility is to insure that the probe

volume is located at the waist of the laser beam. Fringe spacing may

be changed through proper adjustment of the sliding prism and adjustable

mirrors. After reflection by the prism, the beams pass through a

transmitting lens (TSI,Model #918) having a focal length of 250 mm

which brings them to intersection.

Scattered light from particles passing through the probe volume

is collected, collimated, and then focused by a pair of receiving

lenses (TSI, Models #917 and #918) mounted several centimeters apart

with 250 mm and 120.6 mm focal lengths, respectively. The focused

light is reflected by a mirror mounted on an adjustable fixture

(Newport Research Corporation, Model #600-2). This allows lateral

adjustment of the focused spot, insuring that it is located on the

pinhole. The 200 pm pinhole is part of a pinhole-lens-filter combin-

ation that is threaded into the front of the photomultiplier tube

(RCA, Model #8575). The small positive lens collimates the light

passing through the pinhole for improved performance of the PM tube.

The optical filter behind the lens allows only light at 0.5145 1jm
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± .0050 pm to reach the PM tube. The receiving lenses and the entire

receiving optics package may be moved along the axis of the optical

system to allow proper focusing. Beam stops on the initial receiving

lens block the direct laser beams, and allow only scattered light to

pass into the PM tube.

The upper transmitting optics table is mounted on 4 1/2 in.

diameter aluminum journal bearings which rotate inside brass bearing

blocks. The bearing blocks are capable of locking the table at any

angular position. Rotation of the optics table rotates the probe

volume which allows velocity components at various angles to be

measured.

Precise positioning of the probe volume at a desired point in the

test section is provided by the traversing system (Figure 20). The

optical system (including laser) is mounted on a 3-axis mill table.

Three Bodine DC gearmotors with variable speed control are used to

drive the mill table. Linear potentiometers (New England Instruments)

with a linearity of 0.25% are used to obtain an electrical readout of

the position on digital panel meters which read directly in millimeters

to an accuracy of ± 0.1 mm. The circuit design allows for adjustment

of the zero position and the span for calibration purposes. The

traverse range is 254 mm (10 in.) in the vertical (y) direction and

152 mm (6 in.) in the x and z directions. Also included in the posi-

tioning system are two micro switches for each potentiometer. These

switches serve as safety devices breaking the power to the gearmotors

when triggered.
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The traversing system allows repetitive positioning of the probe

volume to within ±0.2 mm as defined by the combined accuracy limits

of the panel meter and potentiometers. All the controls are rack

mounted allowing remote operation of the traversing system.

A more detailed explanation of the entire optical system including

the individual components can be found in Ref. [34].

3. Data Collection, Storage, and Processing System

The data collection, storage, and processing system as shown in

Figure 21, consists of 5 major units:

1. A TSI Model 1980 signal processor.

2. An IMSAI 8080 microcomputer.

3. A Vistar GTX terminal.

4. A Micropolis floppy disk drive.

5. A CDC 6600 computer (not shown).

A schematic of the system is shown in Figure 22. The output

signal from the photomultiplier tube is fed to the TSI Model 198C

signal processor unit. The major features of the TSI processor are

a 250 MHz clock with a 2 nanosecond resolution and a digital output.

Operation of the TSI processor is described in the Instruction Manual,

Ref. [35]. The processor data rate depends on the particle seeding

density and the amplifier setting (which effectively sets the trigger

level). Data rates may be as low as a few per second to rates in

[34] McVey, R.E., "The Design of a Laser Doppler Velocimeter for Use
in Studying Turbulent and Mixing Flows," M.S. Thesis, Purdue
University, May, 1979.

[3 ] Instruction Manual for TSI Model 1980 Counter, Thermo-Systems
Incorporated, St. Paul, Minnesota.
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Figure 2?. Data collection storage, and processing
system schematic.
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excess of 20,000 per second. To collect and store store this data

a dedicated microcomputer (IMSAT 2080) with peripheral equipment is

used.

The microcomputer in conjunction with the Vistar GTX terminal and

the Micropolis floppy disk drive form the receiving end of the data

collection and storage system. When the TSI processor has a data

point ready, it sends a data ready pulse to the microcomputer. Upon

receiving the pulse, the microcomputer returns a data inhibit to the

TSI processor which causes it to hold the data until the microcomputer

can process and record it. Once the point is sampled, the micro-

computer removes the data inhibit, waits for another data ready pulse,

and the process continues. The microcomputer speed is variable with

maximum speed of 2748 points per second. The data rate at which

velocities are sampled and recorded is dependent on the slowest unit

in the system.

The floppy disk drive serves two purposes. It is used to load

the data acquisition and storage program (MIDAS) required by the

microcomputer and also to store the processor data. A detailed ex-

planation of the data acquisition and storage program (MIDAS) as well

as the interaction between the TSI processor and the microcomputer

can be found in Ref. [36]. This stored data is then transmitted over

phone lines to Purdue's main computer, the CDC 66C0. Although some

data conditioning is done by the microcomputer, the data analysis is

all done through FORTRAN programming of the CDC 6600.

[36] VanFrank, S., "MIDAS-User's and Programmer's Manu-l," Thermal
Sciences and Propulsion Center, Purdue University, 1980.
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SECTION IV

EXPERIMENTAL TLCHNIQUE

The experimental mapping of the flow field in the two-dimensional

single duct step consisted of both direct measurements and correlations

of these same measurements. This section presents the techniques used

to obtain the following flow field parameters:

1. Pressure coefficient, Cp.

2. Mean velocities and turbulence parameters, u, v, /u,
'(, 2  + v. ), u'v' .

3. Stream function, p.

4. Reattachment length, x r

Also included in this section are the appropriate values of the various

LDV system parameters that were used to obtain the flow field parameters.

1. Pressure Coefficient, C

The pressure coefficient, Cp, is defined as

p - p0
Cp ° (4)

S pU o

where P is the static pressure, p is the air density, and P0 and U are
o 0

reference values of static pressure and mean streamwise velocity re-

spectively. The static pressure was measured at a total of 34 stations

along the bottom of the duct. Most of the taps were on the centerline

of the duct but 9 taps were located 1/2 in. off the centerline to check
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for flow uniformity. Three of the static pressure taps are located on

the step face. The exact locations of the static pressure taps are

listed in Table 7.

The pressure readings were made with a 36 bank manometer (T.E.M.

Engineering, Model No. 5585) inclined at 180 with the horizontal. This

corresponds to a pressure of 0.785 mm of water per division on the

manometer. To record instantaneous pressure measurements 35 mm slides

of the manometer bank were taken. Using this method the static

pressure measurements can be read to an accuracy of + or - 0.157 mm of

water. Because there was some unsteadiness in the flow and to reduce

errors in the manometer readings, six measurements were made and the

readings at each station were averaged. Before each slide was taken,

the reference mean streamwise velocity, U0 , was measured with a Pitot-

static tube and adjusted as necessary to ensure a constant mean velocity.

An inclined manometer (The Meriam Instrument Co., Model GP-4) was used

for that measurement. The reference velocity, Uo , was 25.174 m/s

(± 0.082 m/s) and was measured at the duct centerline 7 inches upstream

of the step (x/h = -1.75). The reference st3tic pressure was the static

pressure at tap station 1 and -as -12.56 mm water gage. An average

value of 1.187 kg/M 3 was used for the density, o, which corresponded

to the typical temperature and barometric pressure for all runs.
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Table 7. Static pressure tap locations.

Static Pressure x(in.) x/h Static Pressure x(in.) x/h
Tap Station Tap Station

1 -7.0 -1.75 18* 9 6 2.4

2 -4.2 -1.05 19* iO.4 2.6

3 -1.8 -0.45 20 13.0 3.25

4 0 0 21 14.5 3.6251

5 0 0 22 16.0 4.0

6 0 0 23 17.5 4.375

7 0.8 0.2 24 19.0 4.75

8 1.6 0.4 25 20.5 5.1251
9 3.2 0.8 26 22.0 5.5

10 4.0 1.0 27 23.5 5.875

11* 4.8 1.2 28 25.0 6.25

12* 5.6 1.4 29 26.5 6.625

13* 6.4 1.6 30 28.0 7.0

14* 7.2 1.8 31 29.5 7.3751

15* 7.6 1.9 32 32.5 8.125

16* 8.0 2.0 33 34.0 8.5

17* 8.8 2.2 34 35.5 8.8751

* denotes static pressure tap 1/2 in. off centerline.
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2. Mean Velocity and Turbulence rarameers

u, v,/u' /v2, (u12 +

The mean velocities and turbulence parameters are calculated from

LDV measurements at various grid points in the flow field. The LDV

system used is described in 3ection III. The system parameters were set

to maintain uniformity of measurements and eliminate as many sources

of error as possible. Table 8 is a listing of the system parameters

used for all measurements.

The waist diameter (probe volume size) was 129 ,.m 4 irn with the

position of the waist located 216 mm :: 4 mm from the face of the trans-

mitting lens. Details of the techniques employed to obtain the waist

diameter and position can be found in Ref. [37]. The beam angle was

measured by removing the receiving optics (Figure 19) and allowing

the two beams to travel to a wall as shown in Figure 23. The orobe

volume was positioned at the far edge of the test section and the

separation between the beams and the distance to the wall was

measured. The half angle e/2 was found to be 3.632 ' 1 0.i09c ,

The fringe spacing, FR, can be determined from

A
FR= 0 (5)

2 s4n ( )

[37] Stevenson, W.H., Thompson, H.D., Bremmer, R., and Roesler, T.,
"Laser Velocimeter Measurements in Turbulent and Mixing Flows -
Part II," AFAPL-TR-79-2009, Part 1, March, 1980.

- F F-



Table 8. LDV system parameter settings.

Optical System Settings

Telescope setting: 0.200
Prism setting: 10.0

Upstream mirror: upper adjustment: 0.2500
lower adjustment: 0.3905

Downstream mirror: upper adjustment: 0.2400
lower adjustment: 0.3840

Xo (laser frequency): 0.5145 um

8/2 (beam interse2ction half angle): 3.6320 ± 0.1090

FR (fringe spacing): 4.0606 om ± 0.1223 ,m
Probe volume size (waist diameter): 129 im ± 4 tim

fs (frequency shift): 10 MHz ± 1 KHz

(rotation of optics): 0', +30', -301

Data Collection Settings (TSI Processor)

Electronic filter settings: 30 MHz (low pass)

3 MHz (niqh pass)

N (number of fringes/signal): 16

Comparator: 3 (3.1%)

n (exponent): floating

Data rate: 20,000 samples/sec

Sample rate: 2748 samples/sec

Sample size: 4500 samples

Flow System Settings

Particle size: 1 pm

Jo (reference velocity at x/h = -1.75): 25.174 m/s A0.082 m/s

Reh: 1.68 x 105
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Substitution of the half angle 6/2 into Equation (5) yields a fringe

spacing of 4.0606 pm ± 0.1223 pm. The seeded particle size was approxi-

mately 1 pm in diameter.

The net frequency shift employed, fs, was 10 MHz ± 1 KHz.

The frequency shift indicates that the fringes are moving upstream

against the mean flow direction and in this case with a velocity of

40.61 m/s.

The output signal of the photomultiplier tube was filtered to

remove the "pedestal" and any high frequency noise. A 30 MHz low pass

filter and a 3 MHz high pass filter were used. A 16to8 fringe compar-

ison (N = 16) was used with the accuracy of this comparison set at 3.1

per cent (comparator = 3). This means that the time for a particle to

cross 16 fringes is compared with the time for the same particle to

cross 8 fringes. An error in the comparison of more than 3.1 per cent

results in the measurement being rejected. The value of the allowable

comparison error used was the result of preliminary tests. Values above 4

per cent caused the variance of the velocity histogram to be signifi-

cantly affected by the resulting "bad" data points. The exponent, n,

was allowed to float (variable) and was an output of the TSI processor.

The data rate at the TSI processor (number of valid data points

per second available for sampling by the microprocessor) was maintained

at 20,000 samples per second. This data rate was the result of both

seeding DOP particles into the flow through the blower inlet with the

seeding systpm under maximum pressure (z 60 psi) and varying the gain

(z 5) on the TSI processor slightly. The data rate was maintained by

varying the gain with care taken not to distort the signal. The rate
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at which the microprocessor was able to sample the available data was

at its maximum of 2748 samples per second. Because of the relatively

high data rate the actual sampling was at approximately equal time

intervals. Each velocity measurement consisted of 4500 samples.

For the data processing each sampled output of the TSI processor,

which consists of three digital numbers namely N (cycles/burst), n

(exponent) and Dm (digital mantissa), was converted into a frequency

f and then a velocity component, Vi, by the following equations

K9
N x 10 (6)
-D x n-2
m

and

Vi : (f - fs)F (7)

where fs is the frequency shift and FR is the fringe spacing calculated

from Equation (5). The mean and variance of the 4500 individual

velocities were then computed from Equations (8) and (9) below.

4500
(V1, = i (Vi) (8)

(V 2  1 4500[(Vi) - (V) ]2 (9)
(V,2)0 U n0 : I

where the subscript denotes the velocity component that is measured,

i.e., 0 = 0*, +300, or -30'. In computing the means from Equations

(8) and (9) any individual measurements outside a 3a band were dicarded

as noise. The number of discarded points was typically about 10 to 15

and consistently less than 50 per data set.
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The Appendix describes the flow system coordinates and the method

whereby the mean velocities in the streamwise and transverse directions

and the turbulence parameters , v (u'2 + Vi- ), and u'v' can

be computed from velocity histograms measured in three component

directions at each point in the flow. The component directions of

00, +300, and -300 from the streamwise direction were used. It was

found that the data rate drops significantly as the measuring angle

increases. The 300 compromise allowed the 20,000 samples per second

data rate to be maintained.

Applying the results of the Appendix to the averaged measurements

at @ : 00, +300, and -30* yields

u = (V) :0 = [(V) =+30 + (V) -30/v3 , (10)

v = (V):+30 - (V)O -30 (11)

u /-( Vm) = 0 ,(12)

2 7 [2(V' 2) 30 + 2(V-) -30  3(V--) 112 (13)

(7V.2 +t) (V.2)

+30 : -30 (V' 0' (14)

and

u 'v' = [(v') +30 - (V)= 30 // (15)

The experimental grid consisted of 180 grid points divided into

10 vertical grid lines (profiles) as shown in Figure 24. Each grid

point was spaced approximately 10.1 mm vertically apart while the grid
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line separation was one step height. The exception to this was the

grid line at 3.25 step heights. Due to a flange connection optical

access was not possible at 3 step heights; therefore that grid line was

shifted 0.25 step heights downstream. All measurements were made in

the center (spanwise) of the duct, except as noted for the spanwise

profiles.

3. Stream Function,

The stream function, p, for an incompressible flow is defined by

u :(16)

ay

and

= -(17)ax"

Rearranging Equation (16) and integrating both sides yields

{ = u(y)dy + g(x) (18)
0

By integrating along a vertical line (x = constant) the function g(x)

is constant and can be set equal to zero. The integral in Equation (18)

was approximated using the trapezoid rule [38]. This yielded a value

of t at each grid point in the flow field with defined as zero along

the step face and bottom wall. Thus,

[38] James, M.L., Smith, G.M., and Wolford, J.C., "Applied Numerical
Methods for Digital Computation with FORTRAN and CSMP," IEP-A
Dun-Donnelly Publisher, New York, Second Edition, 1977.
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4. Reattachment Length, xr

The reattachment length, x r, was determined by linearly extrapo-

lating a u = 0 curve to the bottom wall. The u = 0 curve was located

by interpolation between adjacent grid points at which u changed sign.
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SECTION V

EXPERIMENTAL RESULTS

In this section the results of the pressure and LDV velocity

measurements are presented for a Reynolds number (based on step height

5h and mean streamwise inlet velocity U m ) of 1.68 x 10 . The measured

pressure coefficients are compared to the experimertal data of Tani

et al. [19] (Reh = 1.7 x 106) and Moss et al. [28] (Reh = 5 x 10 4

The measured reattachment length is also compared with other researcher's

measurements. Representative plots of mean velocity and turbulence

parameter profiles are presented. The comparison of those measurements

with numerical predictions is contained in Section VI. Estimates of

measurement uncertainty were made and are discussed.

1. Pressure Coefficient, Cp

a. Pressure Coefficient Distribution

Figure 25 shows the pressure coefficient distribution for six

different runs for flow in the two-dimensional single duct step. Cp

is defined by Equation (4) and the reference values of P and U are0 0

the measured values at x/h = -1.75; thus the C value is zero there by
p

definition and decreases slightly as the step is approached. The

three static pressure measurements on the step face were the same for

each run but varied slightly between runs. Therefore, only a single
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value is plotted for each run and that value is constant over the step

face. Downstream of the step for about three step heights the pressure

coefficient is nearly constant at a value of about -.05. With the

exception of run #6 the slight data scatter is within the accuracy of

the manometer readings. Beyond x/h of about 3 the pressure coefficient

rises. The spread in the data is a manifestation of the low frequency

unsteadiness of the flow, which is directly observable as manometer

fluctuations.

Figure 26 is a comparison of the average pressure coefficient for

the six runs with the results of Tani et al. [19] and Moss et al. [28].

The absolute values of C are expected to be somewhat different sinceP

slightly different upstream stations were used to establish reference

values of P0 U0, and p. Qualitatively the results are in fairly good

agreement. The peak in the value of Cp that is clearly evident in the

works of both Tani et al. and Moss et al. was not reached in the

present study. Tani et al. found their reattachment point to be about

7 step heights downstream of the step and just after the maximum value

of C had been reached. In the present study reattachment occurs at about 7
p

step heights but is on an increasing C curve. The data of Moss et al.,P

however, corresponds to a reattachment location of approximately 5 step

heights with the maximum value of C occurring at about 6.5 step heightsP

downstream of the step. The differences in the measured results can be

partially attributed to the differences in both the step height and the

mean streamwise velocity between the experiments. Also, there were

significant differences in the flow geometries involved. Both Tani

et al. and Moss et al. used channels in which the wall opposite the
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step was a relatively long distance away (9.2 and 11 step heights,

respectively). The wall opposite the step in the present study is

only nne step height away. Also, the width of the channels was differ-

ent. The present work was in a relatively narrow channel (1 step

height) when compared to the models of Tani et al. (16.67 step heights)

and Moss et al. (18.05 step heights). Apparently side wall boundary

layer growth and more severe three-dimensional effects in the present

model slow the rate at which C approaches the fully developed value
p

downstream.

Tani et al. [19] found that the effect of the upstream boundary

layer thickness on the pressure coefficient was small when 6/h < .3.

In the present case 6 /h = .3 and the effect of the upstream boundary

layer thickness on the flow structure is expected to be snall.

b. Experimental Error in C

The pressure coefficient, Cp, is defined by Equation (4). That

is,

!_ P -P AP (20)Cp P o P Uo2U(20)

The analysis of Kline and McClintock [39] provides the following

relationship for WC , the uncertainty (error) in Cp,. as a function of
P

uncertainties in AP and U (W and W , respectively).
o AP o

[39] Kline, S.J., and McClintock, F.A., "Describing Uncertainties in
a Single Sample Experiment," Mechanical Enqineering, Vol. 75,
pp. 3-8, 1953.
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41 U W P{ x2 W] 2 L uO WUJ/ (1

The uncertainties in the AP and U measurements were estimated to be

0

of the order Wp 0.314 mm of water and W 0.082 m/s so that the

uncertainty in Cp is less than ± 0.005.

2. Mean Velocities u and v and Strearwise

Turbulence Intensity /-/U m

a. Mean Streamwise Velocity, u

Figure 27 shows the measured non-dimensionalized mean streamwise

velocity profiles at the inlet and four representative locations

downstream of the step. The non-dimensionalizing quantity Um (24.83

m/s) is the average of the nine experimentally measured values of u

at x/h = 0.

The inlet profile (x/h = 0) is fairly flat with a maximum velocity

of 25.865 m/s. At the final profile (x/h = 9) the maximum velocity is

20.966 m/s. This 20 per cent decrease was also observed by Smyth [27]

in a similar series of measurements. The maximum reverse flow velocity

is -5.8 m/s and occurred 10.1mm from the bottom wall at x/h a 4.

This is approximately one-fifth the naximum velocity at the inlet.

The profile at x/h - 9 is asymmetric indicating that "fully developed'

flow has nzc yet been attained.

Figure 28 is a plot of the integrated mass flow, ;, for each

measured profile. The integration was by the trapezoid rule, The

integrated value was approximately the same across the inlet
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(.271 kg/sec) and the first three profiles and then increased substan-

tially to a value of .353 kg/sec at x/h = 9. This 30 per cent

"increase" in ; is disturbing. The u-profiles presented by Smyth [27]

(Figure 8) appear to show a similar "mass flow increase" but integrated

mass flow values were not presented.

*It has been shown that individual realization LDV measurements as were

made in the present study may be subject to certain bias errors. A

complete discussion of bias errors is beyond the present work but can

be found in Ref. [40]. Suffice it to say that the LDV parameters,

that is, frequency shift, data rate, and sample rate were chosen to

reduce bias errors as much as possible. Bias errors do not appear to

be a significant part of the mass flow discrepancy.

Boundary layer growth along the side walls could contribute to

the mass flow discrepancy. Spanwise measurements at three stations in

the flow field are presented in Figure 29 and show some sidewall

boundary layer growth but not enough to account for the total discre-

pancy.

Apparently three-dimensional effects are very important in this

flow geometry. The visual observations of Goldstein et al. (10] showed

the three-dimensional nature of this flow geometry (Figure 3) with

entrainment of flow from regions in the flow field other than the plane

of the centerline (spanwise).

[40) Thompson, H.D., and Flack, R., Jr., "An Application of Laser
Velocimetry to the Interpretation of Turbulent Structure,"
Proceedings of the ISL/AGARD Workshop on Laser Anemometry,
German-French Research Institute, Pfeifer, H., and
Haertig, J., editors, St.-Louis, France, 1976.
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The mean streamwise velocity profiles are found to be in good

agreement with the profiles presented by Smyth [27] (shown in Figure 8)

and others [11,19].

b. Reattachment Length, xr

The reattachment point was determined by linearly extrapolating

the u = 0 contour to the lower wall boundary. The measured reattach-

ment was 6.94 step heights downstream from the step face. This is well

within the range described by Back and Roschke [15], i.e., 6-8 step

Aheights, and is in generally good agreement with other experimental results.

c. Stream Function,

Figure 30 shows the stream function contours. The reader should

note the difference between the horizontal and vertical scales. To

partially compensate for the apparent mass flow discrepancy the stream

functionis non-dimensionalized at each x/h station. That is at each

x station

* /*Top " (22)

The recirculation region is clearly defined with the location of

the center of recirculating flow at about 3.25 step heights downstream

of the step face and .6 step heights above the bottom wall.

d. Mean Transverse Velocity, v

The mean velocity measurements at = ±300 allow the mean trans-

verse velocity, 7, to be determined at each grid point. Hence, in

combination with U the velocity vector can be determined. Figure 31
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shows the velocity vectors for the flow field. The magnitude of the

reverse flow in relation to the inlet flow can clearly be seen. The

flow at x/h = 9 is still directed toward the bottom wall and changing

in magnitude, indicating that fully developed conditions have not been

reached.

e. Streamwise Turbulence Intensity,

Figure 32 is a plot of streamwise turbulence intensity profiles,

u'/U m , at the inlet and at four streamwise locations. The minimum

value occurs at the inlet and is about 1.5 per cent. The increase with

-4 x at the top measuring station is an indication of boundary layer

growth along the top wall. The intensity in the free shear layer has

a maximum value of 19 to 20 per cent over a range from 3.25 step heights

to reattachment, Smyth [27] found a free shear layer with the maximum

value of about 17.5 per cent (based on U of the present study) from a

point 1.2 step heights downstream of the step face to reattachment

(xrlh = 9). Downstream of reattachment the free shear layer spreads

toward the bottom wall with a subsequent decrease in the maximum

intensity. The turbulence intensity near the bottom wall reaches a

maximum value of 16 per cent just upstream of the reattachment point

with a subsequent decrease after reattachment. The overall streamwise

turbulence intensity results are in good agreement with the results of

Smyth [271 shown in Figure 9.
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3. Correlated Turbulence Parameters,

M. + v2 ), ;-

In Figure 33 the inlet and four downstream profiles of the trans-

verse turbulence intensity /v/Um are shown. The transverse turbulence

intensity is calculated from LDV measurements at = 0°, +300, and -30°

in accordance with Equation (13). Even though the general trend of the

measurements in Figure 33 is in accordance with the expected trend the

scatter in the data, particularly in the recirculation region, is very

large. In fact, the data is worse than is shown since about 10% of
( the measurements produced negative values of v and those points have

been omitted from Figure 33. A discussion of the data scatter as it

relates to uncertainty in the measurements and unsteadiness in the flow

is presented in Section V-4.

Figure 34 is the turbulent kinetic energy profiles and Figure 35

is a contour map of those profiles for the entire flow. Again the data

scatter is large and accounts in large measure for the waviness in the

contour plot. Qualitatively, the turbulent kinetic energy profiles

appear to be in good agreement with those presented by Smyth [27].

Figure 36 is a plot of selected Reynolds stress (jy'r) contours

for the flows. The Reynolds stress in the core region is negligible

while values greater than zero were obtained in the top wall region.

This is simply a result of the orientation of the coordinate system

relative to the top wall boundary layer. The peak Reynolds stress for

each profile upstream of reattachment occurs at the edge of the recir-

culation zone. This agrees with the data of Smyth [27] shown in
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Figure 10. The overall agreement with Smyth's data is good though his

maximum value cited is about 40 per cent lower than the maximum value

of the present data. The contours of constant Reynolds stress are

shown in Figure 37.

4. Data Scatter Due to Uncertainty in LDV Measurements

There are at least three types of error and/or uncertainty that

can produce scatter in the LDV derived data. First, there is the

absolute error in a single realization measurement resulting from both

electronic noise and limitations on measurement accuracy. Second,

there is a statistically determined uncertainty in average quantities

when a finite number of individual measurements are used. Finally,

there is a "scatter" in the measurements due to both low frequency un-

steadiness of the flow and errors in repositioning the probe volume for

non-simultaneous measurements at € = 00, +300, and -300. This "scatter"

is most pronounced in regions of steep gradients.

Additionally, it is well known that small errors are amplified by

differencing two or more nearly equal values, as for example in the

determination ofVand / (see Equations (11) and (13)). These

sources of error and/or uncertainty for the present measurements are

discussed in more detail below.

a. Single Measurement Error

Errors in the absolute value of velocity from a single LDV

measurement could result from electronic noise, uncertainty in setting

the upstream reference velocity, uncertainty in measuring the fringe

spacing, and clock timing errors in the TSI processor. Other possible
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sources of error such as uncertainty in the shift frequency were

checked and found to be very small.

By proper filtering of the LDV signal the errors from electronic

noise are greatly reduced. The measurements in the laminar flow above

the step showed a low turbulence intensity (about 1.5%) which indicates

that noise is not a problem. In addition, measurements outside a 3a

band were considered to be the result of noise and were discarded.

The upstream reference velocity was adjusted periodically between

measurements. It is estimated that the pitot tube monitoring allowed

the reference velocity to be adjusted to ±.3 per cent for all runs.

Errors in the measurement of fringe spacing could be as much as

3 per cent; this error would produce a constant error in the absolute

value of average velocities but would not effect the variance measure-

ments.

Clock resolution could produce an error in the velocity measurement

of a particle at 24 m/s with 10 MHz frequency shift and 16 cycles/burst

of about .5 per cent. The error is less for lower velocities. Tests

of the TSI processor showed that the clock error is not a ± error but

is biased toward longer times or lower velocities.

b. Uncertainty in Ensemble Measurements

Mean velocities and turbulence intensities calculated from a finite

number of sampled velocities are subject to statistical sampling un-

certainty. Generally, the error in the mean velocity is proportional

to the ratio of the rms velocity to the square root of the number of

samples. The error in the rms velocity is inversely proportional to the
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square root of the number of samples. Results of this type of analysis

are provided by Yanta [41] who gave the uncertainties in ensemble

measurements for different mean and rms velocities in graphical form.

The uncertainty in mean velocity for 4500 samples and a 95 per

cent confidence level is less than 2 per cent for most of the flow

field. Note that when the average velocity is zero, as it will be at

some points in the recirculation region, a percentage error based on

the average velocity is meaningless.

Similarly, an uncertainty of about 2 per cent is present in the

measured turbulence intensities for 4500 samples and a 95 per cent

confidence level. In terms of the present work, the uncertainty in

both a mean velocity and turbulence intensity measurement for € = 00,

+300, and -300 at any point in the flow field is approximately 2 per

cent.

The mean transverse velocity, v, is calculated from the difference

of the mean velocities at 3 = 300 and = -30' (Equation (11)). Since

the value of v is determined from the difference in two measurements,

the per cent of uncertainty in v may be high when the two measurements

are nearly equal. To illustrate this point, Table 9 provides representa-

tive values of V along with corresponding maximum and minimum values

based on a 2 per cent uncertainty in the measured mean velocities. As

Table 9 illustrates the absolute uncertainties in v are twice the

average absolute uncertainty in V , but when the two values of V are

nearly equal the per cent uncertainty in v can be very large.

[41) Yanta, W.J., "The Use of the Laser Doppler Velocimeter in Aero-
dynamic Facilities," AIAA Paper 80-0435, Presented at AIAA
Aerodynamic Testing Conference, 18-20 March, 1980.
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The magnification of the uncertainty in the transverse turbulence

intensity values as calculated from Equation (13), (repeated here for

convenience) is even more severe.

2 [2 V 2  + (V' 12 (V,2 0] /2
=[2(V 0)= +30 -30 3(V = (13)

In fact the uncertainty of 2 per cent in the (/V' 2 ) measurements re-

sulted in v'2 values less than zero at approximately 10 per cent of

the experimental grid points. There did not appear to be any pattern

in the locations for which this occurred and, in fact, the result was

not reproducible. That is, v'2 < 0 occurred at different locations

each time a series of measurements was repeated. Table 10 is a tabu-

lation of the measured values for V 2 at 4 = 00, +30', and -30' for a

portion of the x/h = 6 grid line, and furtner illustrates the range of

uncertainty for the vr? determination. Notice that a 2 per cent un-

certainty in (/V'2 ) corresponds to a 4 per cent uncertainty in

Table 10 illustrates that the relatively small uncertainty in the

measured values of (V') can result in very large fluctuations in the

derived values of /v T? . The scatter is illustrated in Figure 33.

Finally, it should be noted that particularly in regions of steep

gradients the "errors" that arise from non-simultaneous measurements

at € = 00, +30', and -30* are also magnified in the determination

of derived quantities such as vT. These "errors" result from both

the flow unsteadiness and the errors in repositioning of the probe

volume in the flow field. The extent to which this has effected the

data was not determined but it appears to be a problem at a few points

in the shear layer.
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SECTION VI

NUMERICAL ANALYSIS AND COMPARISON

To provide a basis for comparison the CHAMPION 2/E/FIX computer

code of Pun and Spalding [42] was adapted to the problem geometry and

run. This code uses the k % c turbulence model of Launder and Spalding

[31] as well as a modified version of the SIMPLE algorithm as described

by Patankar and Spalding [43].

1. Background

FThe 2/E/FIX code computes the solution of elliptic partial differ-

L ~ential equations of the form

px (prv.) : S@ + D1 (r

TX (PO)+ r Dr 1 Dx
+ - (r rP-) (23)

where r = 1 converts the equation from cylindrical to rectangular

Cartesian form, (P is the dependent variable, r is the exchange

[42] Pun, W.M., and Spalding, D.B., "A General Computer Program for
Two-Dimensional Elliptic Flows," Imperial College Mechanical
Engineering Department Report No. HTS/76/2.

[43] Patankar, S.V., and Spalding, D.B., "ACalculation Procedure for
Heat, Mass and Momentum Transfer in Three-Dimensional Parabolic
Flows," International Journal of Heat and Mass Transfer, Vol. 15,
pp. 1787-1806, Pergamon Press, 1972.
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coefficient, and S is the source term. Equation (23) represents a

two-dimensional time-averaged form of the Navier-Stokes equations and

the supplementary transport equation. The turbulent nature of the

flow is described by the k %, e model of Launder and Spalding [31].

This model assumes isotropic diffusion with the effective viscosity,

POP being the sum of the laminar and turbulent contributions. That

is,

1 eff = "lam + t(24)

The dependent variables, 0, and the corresponding values of S, and

r for the governing conservation equations are listed in Table 11.

These, when substituted into Equation (26), yield the continuity, axial

and radial momentum, turbulent kinetic energy, and energy dissipation

rate equations. The 2/E/FIX codes solves this set of equations with

appropriate boundary conditions and auxiliary algebraic equations.

The finite difference equations as well as the solution algnrithm

are described in Ref. [42]. Upwind differencing is employed and the

solution of the finite difference equations is accomplished by a tri-

diagonal matrix algorithm. In order to achieve numerical stability

under relaxation is used.

Five "constants" are required for the numerical implementation of

Equation (23) including a value for C0 from which the turbulent

viscosity is evaluated.

li= Co p k2/s (25)
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The values for the five constants recommended by Launder and Spalding

[31] are tabulated in Table 12.

Table 12. k e turbulence model constants from Ref. [31].

Constant Value

CD  0.09

C1  1.43

C2  1.92

aK 1.00

0 1.30

The dependent variables at the wall are linked to those at the

first grid node from the wall by equations representing a "modified

log-law" expression. Thus, the velocity parallel to the wall and at a

distance y1 from it is assumed to be represented by

-1i C~ k (TW/P) - n L(EC'k1 p/4 am (26)

where K is a constant equal to 0.4, E is a constant equal to 9 for

smooth walls, and Tw is the wall shear stress obtained in solving the

momentum equations. The calculations of the turbulent kinetic energy, k,

and the rate of dissipation, e, at the first grid node are determined

in a manner consistent with Equation (26).

The 2/E/FIX code was modified for the single step problem by in-

corporating the solid wall boundary condition, Equation (26) at the
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upper wall in place of the axis of symmetry condition. In addition

the option to accept tabular (experimental) data as initial conditions

was added; the array sizes were increased to accept a 41 x 41 grid; and

a restart capability was added. This latter modification also allowed

the relaxation parameter to become variable; that is, its value could

be changed after a prescribed number of iterations providing an in-

*creased rate of convergence and a decreased execution time.

The program was run on Purdue's-CDC 6600 computer for three grid

sizes, namely 11 x 11, 21 x 21, and 41 x 41. The 21 x 21 grid was

used for the comparison calculations and is the same as the experimental

grid with the exception that in the streamwise direction it is twice

as fine and one step height longer. The solution was subject to a

10-3 convergence criterion and relaxation parameter values of 0.3 -

0.6 were used. The stream function, V, and the reattachment length,

x r, were calculated from the numerical results in the same manner as

the experimental results.

The storage requirements for the 11 x 11, 21 x 21, and 41 x 41

grids were 20k, 37k, and 70k words, respectively, and the corresponding

calculation times were approximately 50, 200, and 5000 seconds.

2. Matching Reattachment Length

In order to compare the numerical solution to the experimental

results, the reattachment lpngth was chosen as the common flow field

characteristic. Moon and Rudinger [20] "matched" their numerical

solution with their experimental results in terms of reattachment

length with the values of C 1 1.43 and C2 = 1.70. The recirculation
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zone thickness and mean streamwise centerline velocity decay in their

axisymmetric annular step were, however, incorrectly predicted.

The turbulent dissipation rate coefficient, C2, was varied in the

present work over a wide range. A 21 x 21 grid was used and the re-

attachment location was determined for each value of C2. As shown in

Figure 38, the reattachment length (non-dimensionalized with the step

height, h) was significantly altered. A least squares fit [38] was

applied to the data resulting in the following functional relationship

X

C -0.0548 (-L) + 2.2648 . (27)C2 h

The experimentally measured reattachment length was 6.94 step

heights and proper substitution into Equation (27) yields C2 = 1.88

which was used for the numerical calculations and comparisons. The

remaining turbulence constants were not changed and appear in Table 12.

3. Mean Velocities

a. Numerical Results and Comparisons

Figure 39 shows the calculated non-dimensionalized mean streamwise

velocity profiles at the inlet and four representative locations down-

stream of the step. Figures 40 and 41 present the calculated non-

dimensionalized stream function contours and the calculated velocity

vector plot, respectively. Again, the reader should note the difference

in the horizontal and vertical scales.

A representative comparison of three calculated mean streamwise

velocity profiles with experimental profiles is shown in Figures 42, 43,
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and 44. The three-dimensional flow influence does not appear in

the calculated results. This influence is apparent in the reverse

flow region shown in Figure 42 and in the profiles shown in Figures

43 and 44.

Tb. Grid Dependence

The numerical solution should be invariant with respect to an

increase in the number of grid nodes before it can be considered a

valid solution. In order to check the validity (grid dependence) of

the 21 x 21 solution a coarser and finer grid were selected; 11 x 11

and 41 x 41, respectively. If the results of the three gird sizes are

in good agreement, or at least the latter two, then the results of the

21 x 21 grid can be considered valid. All grid dependence tests were

run prior to the reattachment length investigation (1.70 < C2 < 1.92)

and hence a value of C2 = 1.92 was used. Though the numerical solution

that was compared with the experimental results was for C2 = 1.88 it is

felt that no significant differences in the grid dependence results

exist with C2 = 1.92. Computer execution time (money) for the 41 x 41

grid made running more grid dependence tests prohibitive.

Figures 45, 46, and 47 are a comparison of the numerical solution

for the mean streamwise velocity profiles for the three grid spacings

at x/h of 1, 5, and 10 respectively. At x/h = 5 (Figure 46) the finer

grid shows a larger boundary layer growth which can also be seen at

x/h = 10 (Figure 47). The wall function employed appears to be de-

pendent on the location of the first grid node normal to the wall.

The overall agreement is very good.
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Pw.

The validity of the transverse mean velocity solution, v, was

found to be good to the same degree as the mean streamwise velocity

solution.

4. Turbulence Parameters

a. Numerical Results and Comparisons

The comparison of turbulence parameters is limited to the turbu-

lent kinetic energy, (ur' + vT). The streamwise and transverse

turbulence intensities as well as the Reynolds stress are not calculated

by the program.

Figure 48 presents the calculated turbulent kinetic energy profiles

at the inlet and four representative stations downstream of the step.

Figure 49 shows the contours of constant turbulent kinetic energy. A

representative comparison of three calculated profiles with experimental

profiles is shown in Figures 50, 51, and 52.

The comparison of the calculated with measured profiles shows an

over prediction by the 2/E/FIX code with a generally fair qualitative

comparison.

b. Grid Dependence

Results of the kinetic energy grid dependence tests are shown in

Figures 53, 54, 55. The discrepancies shown in Figure 53 indicate that

a finer grid is needed near the step face to accurately compute the

turbulent kinetic energy. The validity of the 21 x 21 profile at

x/h = I (Figure 53) is very questionable. Figures 54 and 55 show that

downstream the grid size influences the magnitude of the turbulent
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kinetic energy but not the qualitative profile. In general, the

turbulent kinetic energy solution is qualitatively valid, but. not to

the same degree as the momentum results (u and v). In general, a

finer grid is needed to accurately calculate turbulence quantities.

-1 2
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SECTION VII

CONCLUSIONS AND RECOMMENDATIONS

Several conclusions are drawn from the results of this investi-

gation.

First, it is apparent that although the geometry is two-

dimensional the flow field is three-dimensional.

Second, although the approach flow is "steady", manometer

observations indicate some unsteadiness in the downstream flow field,

particularly in the recirculation region.

Third, the mean velocities and turbulence parameters that are

determined by correlating the results of two or three angular measure-

ments have an inherent large uncertainty associated with them. This

is due to the differencing of quantities that are nearly equal in

magnitude.

Fourth, the nonintrusive character and directional capability of

the laser Doppler velocimeter make it a unique instrument for making

mean velocity and turbulence measurements in recirculating flows. The

extension to accurate simultaneous two component measurements, to three

component measurements (not simultaneous) and to combusting flow

measurements is completely feasible; and, in fact, has been demonstrated

to some degree by other researchers.

Fifth, the two-dimensional k - c model provides a computationally

good prediction of the mean streamwise velocity, _u, in the flow field.

The model provides qualitative turbulence parameter information, even
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though the computed values tend to be too high.

As in most investigations of this sort there remains a number of

unanswered questions. It is felt that further work in the following

areas could prove fruitful:

1. A more detailed investigation of the flow unsteadiness.

2. A three-dimensional mapping of the entire flow field. The

measurements should be extended downstream to the fully

developed region, and should include an investigation of

both flow asymmetry and spanwise flows. Some form of

flow visualization may be very useful here.

3. Experimental measurements in an axisymmetric geometry.

4. Modification of the numerical code to include three-

dimensional flows.

5. Modification of the k - e model to better represent the

recirculating flow region.
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APPENDIX

Derivation of the Mean Velocity and
Turbulence Parameter Equations

The radiation scattered from a particle passing through the common

intersection of two incident coherent beams from the same laser source

can be mixed on a photodetector to yield a beating or Doppler frequency

which is directly proportional to a component of the velocity of the

scattering particle. If the two beams have an initial wavelength X

in the directions el and e and the forward beam is upshifted by a

known frequency, fs, the collected radiation will heterodyne with the

beat frequency f given by

f = *- . (el - e2 ) + fs (Al)
0

where V is the velocity of the scattering particles and n is the re-

fractive index of the medium. The dot product 1 • e2 ) defines

the velocity component in the plane of the intersecting beams and in

the en direction (see Figure A-l). The frequency, f, is independent

of the scattering direction.

From vector algebra,

- e2  2 .6i(n ) n (A2)

where 8 is the angle between the incident beams.
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For convenience the LOV system can be aligned so that the (x,y)-

laboratory coordinates are in the plane perpendicular to the t

direction (see Figure A-1). Then

en = cos ex + sLn v e , (A3)

where is the angle between the en direction and x-axis as illustrated

in Figure A-2.

To support a turbulent flow model, let

V = (-u + u')e + (v + v')e + (w + w')e , and (A4)x yz

f = + f' (A5)

where the bar indicates a time average quantity and the prime indicates

an instantaneous fluctuation above or below the time average. Sub-

stituting Equation (A3) into Equation (A2) yields

e l  e 2 = 27.i .) o60e + 2 sin ( ) sin@ y (A6)
1 2 2 x 2 n( . (

Substituting Equations (A4), (AS), and (A6) into Equation (Al) yields

f+ f' = A[(ii+ u') co4 + (v+ v') 6in ] + fs , (A7)

where

A 2n S (A8)0

-138-



Time averaging Equation (A7) yields

"fs = A[u coA 0 + a vin (A9)

Squaring both sides of Equation (A7), time averaging, and using

Equation (A9) to eliminate 72 yields

T'2 = A 2[u-r eoA 2 + 2ur'vr cos4 in + -r' i, 2,] . (AlO)

Equations (A9) and (AlO) represent two equations in five unknowns,

namely, u, v, urr, v', and u'v'. Logan [44,45] pointed out that by

measuring the time average Doppler frequency, f, and its variance,

-fr, at three different angles, a set of measurements for the five

unknowns could be obtained. Measuring T and T- at 4 = 00, +30', -30

yields

u= [( =0 - fs]/A , (All)

u-2 : (f-2 ) : o/A2 , (Al2)

S+30 - ()= 30]/A , (A13)

V12 [ " 0=¢+30 + 2{f12)" " -30 -3f',2)" 0= O /A 2 (A14)

[44) Logan, S.E., "A Laser Velocimeter for Reynolds Stress and Other
Turbulence Measurements," AIAA Journal, Vol. 10, No. 7,
pp. 933-935, 1972.

[45) Logan, S.E., "A Laser Velocimeter Measurement of Reynolds Stress
and Turbulence in Dilute Polymer Solutions," Ph.D. Thesis,
California Institute of Technology, 1972.
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u7'v [(F-)€+ 30 - (f) =-30]/A2i (Al5)

and

= (f) =+30 + ( = -30 -2fS ]1A,1 .(A16)

Notice that Equations (All) and (A16) are redundant for the determina-

tion of u. If there is no bias error in the measurement then Equations

(All) and (A16) yield the same result [37].

If the sampling rate of the Doppler frequency f is at even time

increments, then

ln

n= 1i f i (A17)

zW

The fringe spacing, FR9 is inversely related to A, that is,

FR = 0 (Al8)2n in() A

Substitution of Equations (A17) and (Al8) into Equation (All) yields

n

u = i(fi)o= 0 fs](F (A19)

But the velocity is related to the frequency and fringe spacing by

V = (f - fs)FR (A2O)
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Therefore, substitution of Equation (A20) into Equation (A19) yields

the expression for u, that is,

n (Vi  0(A21)

Substitution of Equations (Al7), (A18), and (A20) into Equation

(A13) yields the expression for v,

V ~ ,~ - V)4= 3  (A22)O V-)= 30" 0 (-¢=-30 * 1A2

Substitution of Equations (A5), (A17), and (A18) into Equation

(A12) yields

t [(fi) 0  n 2} (A23)i~li=l

Substitution of Equations (A19) and (A20) into Equation (A23) yields

2 n2

u' n [(V)0= - (V)=O]2  (A24)i=l

Taking the square root of both sides of Equation (A24) yields the

expression for/uT, that is,

1/2
u= 1=[(Vi)-= 0 (V)= 012  (A25)

Substitution of Equations (A5), (A7), and (A18) into Equation

(A4) yields
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1 n

1 ([)]n 1 n 2)

1= , f-O= +30 -n) -0f)]

Subtittio oEqain IA7 itEqan (A6 andtaingth

Susttuomo Equations (A23) and) (A20)nd(A7 it

Equarotio bothsde yields the expression for v'2, that is

u'v' = [(fi=+ 30 (V) 4 3 -30//3 (A29)
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